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ABSTRAC T

A compute r controll ed apparatu s for the measurem ent of
de electric al conduct ivity and Seebeck coeffic ient as a
function of tempera ture and oxygen partial pressure has been
develop ed. Thermoc ouples are in electric al and thermal
contact with the ends of the specimen bar.

This allows both

Seebeck and four-wir e electric al conduct ivity measurem ents to
be made in situ.

Environm ental enclosur e of the spccioen

allows measurem ents over a
to 10 -18 atm.

range of oxygen activiti es froo 1

A discussi on of the measurin g techniqu e with

schemat ics of the apparatu s and data retrieva l system is
made.

Results for measurem ents in selected oxide ceramics

are compared to literatu re cited values.
in the Seebeck coeffic ient is found

The 3£

to be 6.2% or less.

uncerta inty in the electric al conduct ivity, o,
2% or less.

uncerta inty
The

is found to be

iii

ACKNOWLEDGEMENTS

The author would like express his sincere gratitude to
his advisor Dr.

Harlan U. Anderson for his patient guidance

and encouragement during the course of this study.
would also like to thank Dr. Don M.

The author

Sparlin, Dr. Jen-Ho Kuo,

and especially Richard P. Turner for many helpful discussions
and advice. The partial financial support from the U.S.
Department of Energy is acknowleged. Appreciation is
expressed to Roberta Brown for her assistance with the
photographs found in this thesis.

1V

TABLE OF CONTENTS

page
ABSTRACT • • • • . • • • . • • • • • • . • . • • • • • • • • • • • • • . • • • . . • . . • . • . • • . . •

ii

ACKNOWLEDGEMENTS . . . . • . . . • . . . . . • . . . . . . . . • . . . . . • . . . . . . . . . . . iii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . vi
LIST OF TABLES . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . viii
I.

INTRODUCTION...................................

1

II.

LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

A. THE SEEBECK EFFECT . . . . . . . . . . . . . . . . . . . . . . . . . .

3

B. ELECTRICAL CONDUCTIVITY . . . . . . . . . . . . . . . . . . . . .

4

C. REVIEW OF ENERGY LEVELS IN SEMICONDUCTORS ...

6

D. THE SEEBECK EFFECT AND ELECTRICAL

III.

IV.

V.

CONDUCTIVITY OF SEMICONDUCTORS..............

7

EXPERIMENTAL TECHNIQUE • . . . . . . . . . . . . . . . . . . . . . . . .

13

A. ELECTRICAL CONDUCTIVITY DETERMINATIONS . . . . . .

13

B. SEEBECK COEFFICIENT DETERMINATIONS . . . . . . . . . .

14

APPARATUS DESCRIPTION . • . . . . . . . . . . . . . . . . . . . . . . . .

16

A.

~········

16

B. ATMOSPHERIC CONTROL . . . . . . . . . . . . . . . . . . . . . . . . .

17

C.

SPECIMEN PREPARATION . . . . . . . . . . . . . . . . • . . . . . . .

18

D. DATA ACQUISITION UNIT . . . . . . . . . . . . . . . . . . . . . . .

19

SPECIMEN CHAMBER . . . . . . . . . . . . . . . . . . .

EXPERIMENTAL UNCERTAINTIES . . . . . . . . . . . . . . . . . . . . . 2 5
A. MoSi 2 RESISTANCE FURNACE . . . . . . . . . . . . . . . . . . . . 25
B. THERMOCOUPLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

C. HP-3054 DATA LOGGER • . . . . . . . . . . . . . . . . . . . . . . . .

27

D. CONDUCTIVITY MEASUREMENTS . . . . . . . . . . . . . . . . . . .

27

E. SEEBECK MEASUREMENTS . . • • . . . . . . . . . • . . . . . . . . . . 29

v

page

1.

In de t e rmi nan t

Errors. . . . . . . . . . . . . . . . . . . . .

30

2.

Determinant Errors . . . . . . . . . . . . . . . . . . . . . . .

31

RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . .

34

A.

LaMn0 3 : HEATING/COOLING CYCLE CHECK . . . . . . . . .

34

B.

LaFeo 3 :

DEPENDENCE . . . . . . . . . . . . . . . . . . . . . .

35

C.

LaCro 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

D.

SrTi0 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

36

CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

REFERENCES. . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38

VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

VI.

VII.

APPENDIX:

P 02

DESCRIPTION OF HP-3054 DATA LOGGER RELAY CARDS .. 44

vi

LIST OF FIGURES

Figure
1.

page

Simplified energy-level diagram of a semiconductor
(n-type)..........................................

L.

47

Experimental technique for direct measurement of
electrical conductivity and Seebeck coefficient .••...

48

3.

Interior view of Seebeck/conductivity apparatus . . . . . . 49

4.

Exploded view of specimen chamber and components . . • . .

50

5•

Specimen chamber (exploded view) . . . . • . . • . . . • . . •

51

6.

Specimen chamber

(total view) • . . • . . . . . . . .

52

7•

Measuring cell (total view) ..•••...••...•

53

8.

MoSi 2 furnace

loaded with 3 measuring cells

(top view) . . . . . . • . . . . . • . • • • • . • . • • . . . • • . . . . . . . .

54

9.

Schematic diagram of data acquisition/control unit . . .

55

10.

Seebeck/conductivity apparatus . . • . . . . . . . . . . . . . • . . . . . .

56

11.

Seebeck/conductivity apparatus

12.

Log conductivity vs.

(alternate view)..

reciprocal temperature for

various Cr-dopant levels in LaMno 3 ••••••••.•••••.••••
13.

Seebeck coefficient vs.
at

14.

Log P 02

Log conductivity vs.
various Mg-dopant

16.

59

reciprocal temperature for

undoped LaCro 3 . . . . . . . . . . • . • . . . . . . . . . . . . . . . . . . . . .
15.

58

for undoped LaFeo 3

l000°C •.••.••.•• • · .· •. • • · · • · • • • · · • • · . . . . . ·. ••..

Log conductivity vs.

57

60

reciprocal temperature for

levels in LaCro 3 . ..•. .. . . . . . . . .

Seebeck coefficient vs.

61

reciprocal temperature for

various Mg-dopant levels in LaCro 3 • . . • . • . . . . • • . • . . . • •

62

vii

Figure
17.

page

Loe conduct ivity vs. reciproc al tempera ture for
undoped SrTio 3 . . . . . . . . . • • . • . . • . • . . . . . . . . . . . . . . . • .

18.

Log conduct ivity vs.

63

reciproc al tempera ture for

various La-dopa nt levels in SrTio 3 . . . . • . . • . . . . . • . . • • .

64

viii

LIST OF TABLES

Table

page

I. DETERMINANT ERRORS IN SEEBECK MEASUREMENT . . . . . . . . . . . 32

1

I.

INTRODUCTION

Electrical properties such as electrical conductivity
and the

Seebeck effect are of great value

scientists for
components.

to material

the characterization of solid state electrical

From an applied viewpoint,

the

Seebeck effect

provides a form of thermometry and a mechanism for converting
heat enersy into electrical energy.

1

Electrical conductivity

is important in determining the usefulness of electrical
materials as conductors,

semiconductors, and insulators.

Knowledge of the electrical conductivity and Seebeck
coefficient of a

material allows the determination of the

thermoelectric fi8ure of merit Z=Q 2 0/K,
Seebeck coefficient,

K is the

where Q is the

thermal conductivity,

. .
(2-5]
t h e electrica 1 con d uct~v1ty.

s em1con
.
d
uctors

and 0

is

exhibiting

high Z values have been utilized in thermoelectric circuits
to produce useful heating,

cooling and/or power generation.

The measurement of Q and 0 can yield much insight
regarding the defect structure and electrical transport
processes in solids.
dependent on the

The Seebeck coefficient and a are

type,

concentration,

and mobility of the

charge carriers and can be uniquely determined when the
temperature,
fixed,

atmosphere and compqsitiqn of a

provided that

---··

,._,,

__

.... __

temperature,

material are

the mobility is a function only of

,_

atmosphere and composition.

This is eenerally

true for single crystal specimens if the effects of
dislocations and impurities are neglisible.

For

2

polycrystalline materials, however, a

may differ from that of

single crystals because of the influence of grain boundaries
and pores.

For materials with high electronic mobility this

low a effect may arise from additional scattering at the
erain boundaries and pores. 6 Seebeck data in this case can
aid in ascertaining the mechanisms of scattering and
determine which are dominant.

The Seebeck coefficient is also

related to the sign of the dominant charge carrier,

and can

provide useful information on the enthalpies of formation of
point defects and the heats of transport for ionic and
electronic conductors.

7

Thus,

Seebeck data combined with

electrical conductivity provides a sensitive probe for the
study of carrier concentration, mobility,
mechanisms,

band structure,

defect structure, and Fermi

surface effects in materials.
properties to be realized,

scattering

For successful studies of these

it is essential that measurements

of Q and a be made on identical samples.
,.,

.. , •

•• • ·•

"• • '

- ·•' ., .,

~

•' -n• • -.~ . ..-....

The intent of this study was to develop an apparatus
with the capability of measuring both the electrical
conductivity (a) and Seebeck coefficient
temperature and oxygen activity (P 0
Seebeck/conductivity apparatus
to be a

simple,

(Q)

as a function of

) on the same sample.

The

2

(SCA) developed has been found

yet precise method for the measurement of

these parameters.

The Seebeck effect and electrical

conductivity as· related to semiconductors will be discussed
in more detail and results for a few oxide ceramics will be
presented.

3

II. LITERATURE REVIEW

A. THE SEEBECK EFFECT
When a

temperature gradient is applied across a

conductive material,
between the contacts.

a

potential difference is generated
This is known as the Seebeck effect and

can be further described as the conversion of thermal energy
into electrical energy due to the transport of electrical
carriers

(electrons/holes/io ns) induced by a

temperature

differential. 8 This arises from the increased concentration
of charge carriers in the conduction band at
junction.

the hot

This increased concentration then equilibrates

throughout the specimen by diffusion of the carriers to the
cold

junction.

is the

The sign of the potential at the cold junction

same as the sign of the diffusing majority

carriers(~-

The potential difference per degree temperature is
termed the thermoelectric power or the Seebeck coefficient,
and can be determined experimentally with the aid of the
.
10
following equat1ons

(l)

Q

and
E

s

/t:oT

where Q is the observed Seebeck coefficient,
specimen Seebeck coefficient,
of the metal connectors,

E

s

(2)

Q

s

is the

Qm is the Seebeck coefficient

is the observed potential

4

difference or Seebeck voltage of the specimen and T

h

and T

c

are the hot and cold end temperatures of the specimen
respectively .
Mo,

The magnitudes of Qm for Pt, Cu, Au, Ag,

W,

/'.

or Pd are found in Reference ill as a function of average
Assuming that E

and 6 T vary

s

.

linearly, the Seebeck coefficient of a material can be
determined by placing a temperature gradient on a

specimen

and measuring the correspondin g potential at any temperature
of interest.
~0.1

~V/K

Metals have Seebeck coefficients ranging from

to about

+40

~V/K.

Semiconducto rs produce values

of either sign from about 1 to 1000

~V/K.

1

B. ELECTRICAL CONDUCTIVITY 12
If an electric field E is applied to a

given material,

its charge carriers are set in motion resulting in a current
per unit cross-sectio n J.

The electrical conductivity o is

then the ratio of the component of J

in the direction of E to

the magnitude of E or

( 4)

The appropriate unit for o is the

(ohm-cm)-l or S/cm where S

is a unit called the Siemens which is a reciprocal ohm.
The electric field

is applied by connecting metal

electrodes to opposite ends of the specimen and applying a
voltage

v.

By knowing the dimensions of the specimen and

measuring the current flowing in the circuit the conductivity
can be calculated from the relation

5

a=

It/(AV)

(5)

where A is the specimens cross-sectional area
constant throughout) and t

is the specimen length.

and V are considered to vary linearly (Ohm's
be found by applying a
resulting voltage drop.

(assumed

law),

Since I
can also

0

small current and measuring the
Since the resistance R is simply the

ratio of the measured voltage to the applied current,
Eqn.

5 becomes

a

t

I ( AR).

( 6)

The electrical conductivity is also related to the
mobility~

of the charge carriers.

In general,

the electric

field will accelerate a charged particle and cause it to
attain a

velocity v.

Physically,

the mobility is a

measure of

the ease with which a charge carrier may be moved by an
electric field.

The ratio of the component of velocity in the

direction of the applied field to the magnitude of the

fi~ld

is the mobility and is expressed as

(7)

The unit for

~

2
-~
is in em /(Volt-sec}; that is,

em/sec to Volt/em.

Clearly,

the

the contribution of a density of

n similar charge carriers of charge q and mobility
conductivity is

ratio of

~

to the

6

0

=

nqJJ.

( 8)

Values of o

for semiconductors vary in the ranee from about

10- 9 to 10 2

S/cm.~This

range is intermediate between those of

good conductors (10 5 to 10 6 S/cm) and insulators (10 -22 to
10- 14 S/cm). 13

C. REVIEW OF ENERGY LEVELS IN SEMICONDUCTORS 14
To further understand the electrical conduction
processes in semiconductors, a brief review of energy levels
is helpful. Additional information beyond which is presented
here can be found in most solid state physics texts.
Figure 1 shows a simplified energy level diagram of an
n-type semiconductor (a semiconductor whose principle charge
carriers are electrons). Electrons whose energies correspond
to an energy level in the valence band are relatively
immobile and do not contribute directly to the conduction of
an electric current.

In the conduction band higher energy

electrons have greater mobility. The energy gap, E

e

is a

measure of the energy which must be imparted to an electron
in the valence band to excite it into the conduction band.
The position of the Fermi level,

Ef, with respect to the

band edge, gives an estimate of the number of energy levels
filled with electrons within the conduction band (or holes in
the valence band). The closer the Fermi level lies to the
conduction band,

the more nearly filled are the levels. When

the Fermi level lies beyond approximately 3kT of the lower

7

edge of the conduction band,

the material exhibits

semiconducti ng behavior. A Fermi level above the lower edge
of the conduction band (Ef

>

Ec) indicates a situation which

is commonly referred to as a degenerate semiconducto r.
Degenerate semiconducto rs
metals.

e~hibit

many of the properties of

It should be noted that a Fermi level at the middle

of the energy gap (Ef

=

Eg/2) gives the maximum resistivity.

When the Fermi level lies nearest to the valence band, hole
conduction and p-type behavior dominate (holes are absences
of electrons and are considered to have a positive charge).

D. THE SEEBECK EFFECT AND ELECTRICAL CONDUCTIVITY OF
SEMICONDUCTORS
Semiconducto rs in the "pure state" where electron and
hole densities are equal are considered to be intrinsic.
Semiconducto rs containing small concentratio ns of aliovalent
impurities are known as extrinsic semiconducto rs.

Impurities

which contribute electrons to the conduction process are
known as donors and result in the formation of n-type
semiconducto rs.

Impurities which create holes in a

semiconducto r are known as acceptors and impart p-type
conduction. Each donor and acceptor occupies a specific
energy level within the energy gap.

Donor levels tend to

occupy states near the edge of the conduction band and
acceptor levels tend to be near the edge of the valence band.
Traps and recombinatio n centers are found near midgap.
As the temperature of an intrinsic semiconducto r is
raised from absolute zero,

thermal energy is imparted to the

8

electrons causing them to move into the empty conduction
band. This creates holes in the valence band which also
contribute to the conduction process.

The result

is a

positive temperature coefficient of conductivity.

Since both

electrons and holes contribute to the conductivity of an
intrinsic semiconductor both types of carriers must be
considered.

0

where o

The total conductivity atot is given as 15

o

tot

n

,

e

+ a

( 9)

h

~

ap '

p

are the contributions of electrons

and holes to the conductivity and mobility respectively and n
and p are the concentrations of electrons and holes
respectively with e

being the electronic charee. Relative to

the Seebeck coefficient,

both electrons and holes diffuse in

the temperature gradient so that their thermoelectric
potentials tend to cancel.
are equal,

If electron and hole mobilities

then Q=O and the semiconductor is considered

9 I n prac ti ce h o w e ver , all materials,
·
·
·
1ntr1ns1c.
tend to have some degree of impurities.

pure

no matter how
Also,

the

mobility of the electrons tend to be ereater than that of the
holes.

For this case,

the net

Seebeck coefficient is eiven by

the Chambers 16 relation

Q

(Q

o
+Q o ) / a
n n
p p
tot

where Q and Q
n
p

(10)

are the contributions of electrons and holes

to the Seebeck coefficient.

This equation can also be

9

(~

written in terms of mobilities

=

ne~

n

=

and

o

Q =

(n~

p

n

pe~

Q

n

+

p

n

and~

p

) by substituting o

which yields:

p~

p

Q

p

)/(n~

n

+ Pll p ).

(11)

The Seebeck coefficient is particularly useful in
determining the mechanism which transports carriers through
the lattice.

One such mechanism is the broad band mechanism.

This occurs either when the charge carriers acquire enough
energy to jump from the donor level into the conduction band
(n-type) or when the carriers
into the valence band.

jump from the acceptor level

In the case of a broad band

semiconductor the Seebeck expression can be stated as:

+(k/e)[(fiE/kT) + 5/2 + r]

Q

17

(12)

where 6E is the distance from the Fermi energy to the band
edge, and r

is a constant which depends on how the charge

carriers are scattered.

In this case the Seebeck coefficient

shows a strong temperature dependence.
Since the Seebeck coefficient of an extrinsic
semiconductor depends on the location of the

Fermi level,

it

can also be expressed in terms of the majority carrier
concentrations.

For a no~~e~~~~~~~e semiconductor ( E g > 3k T

from the band edge) where Boltzman statistics are applicable
.
byl8
the Seebeck coef f icient is g1ven

Q

=

±(k/e)[ln(p 0 /c) +A]

for

(p

0

>

c)

(13)

n

10

where P 0

is the effective density of states at the transport

level and c is the charge carrier concentration.

Both terms

in the brackets are positive. As __t;_h_~ ___ _t_g_mp_erature .is
increased,

c increases and the absolute value of the Seebeck

coefftcient

bec~~g~

smaller. Thus a measurement of Q can give

the density of carriers provided A is known.

Although the

determination may lack sensitivity because of the
relation between Q and c,

loearithmic

the disadvantaee is partially

compensated since it is generally easier to make accurate
Seebeck coefficient measurements than gravimetric ones.

This

situation becomes more complicated if there is more than one
type of charge carrier; more than one conduction band; 18 or
more than one type of scattering mechanism {nonpolar
acoustical mode vibrations,
(large polaron),

optical mode lattice vibrations

ionized or neutral impurities, and small

polaron hopping}.
In ionic semiconductors, where interactions between
electrons

(or holes) and phonons (quantized lattice

vibrations) are particularly strong,

there is a polarization

of the lattice associated with the presence of neighboring
electrons. This also results in a slight deformation of the
lattice. As an electron propagates through a crystal,

it

induces lattice vibrations due to the interaction with
positive and negative ions.
and phonons

The combination of the electron

(surrounding lattice deformations) at a

given

moment can be considered an electrical and mechanical
polarization of the lattice.

The electron with its associated

11

lattice deformation is in a lower energy state than without
the deformation.

This state is referred to as a polaron state

and is thought of as a

pseudopartic le. 19 This pseudopartic le

is known as a large polaron when its associated lattice
deformation extends at least several interionic distances
from the original electron. When the electronic
carrier/latt ice distortion pair has a linear dimension of
order the lattice parameter, it is referred to as a

small

polaron. The mobility of both polarons is strongly affected
by the lattice distortion which moves along with the
electronic carrier. The transition from low energy site to
low energy site is often referred to as a hopping
.
20
mec h an1sm.
The small polaron hopping mechanism has been suggested
21
in such materials as crystalline MnO
reduced crystalline

23

Ceo 2 22 ,

, and some Sr-doped La
divalent metal doped YCro 3
24
25
based perovskites (LaCr0 3
). For the small
, and LaCoo 3

polaron hopping mechanism,

the expression for the Seebeck

coefficient was derived by Heikes 22 , 26 to be

Q =+(k/e)[ln(( 1-x)/x) + 6S'/k]

(14)

where x is the fraction of hopping sites occupied, and 6S'/k
i s a p p r 0 xi r.1 at e 1 y e qua 1 t o 0 ~ 1-0 . 2 a c co r d in g t o Au s t in and
Mott 22 , 27 • Bosman and Van

~aal 22 '

28 corrected this equation

for spin degeneracy and obtained

Q

=±(k/e)[ln(2((1-x)/~) +

65'/k].

(15)

12

In this case,

small polaron hopping should lead to a

temperature independent Seebeck coefficient.
At this point i t can be seen that Seebeck data are
useful in the determination of charse
mobility, concentratio n, and transport

carr1~r

type,

m~chanis~.

Seebeck

data are often useful in instances where conductivity and
gravimetric data lack sufficient information for a

complete

analysis of a given material.

Since Q is directly dependent

on the carrier concentratio n,

its measurement has a

advantage over gravimetric measurements ,

distinct

since they are

useful for the evaluation of mobilities only if the
relationship between the concentratio n of charge carriers and
point defects is known and the defect concentratio ns are very
large. 29 It is also known that there is a

close relation

between Q and the Hall effect. This makes i t possible to use
the Seebeck effect in place of the Hall effect when it is
difficult to machine specimens and attach the four contacts
required for Hall studies.

The Seebeck effect has been used

in instances where low mobility conditions have complicated
the Hall measurements .

22,30

The apparatus described in the next section is capable
of measuring both electrical conductivity and the
coefficient in situ as a
activity.

Seebeck

function of temperature and oxygen

This apparatus has been shown to be a viable tool

in the study of the electrical transport behavior of
semiconductin g oxides.

13

III. EXPERIMENTAL TECHNIQUE

The experimental technique used in this study is
illustrated in Figure 2 where a specimen bar is placed
between two thermocouple/emf probes

(Pt versus Pt + 10%Rh).

The two probe arrangement allows direct four-wire measurement
of the electrical conductivity and the Seebeck coefficient
without changing samples or apparatus.

The general methods

for these determinations are below.

A. ELECTRICAL CONDUCTIVITY DETERMINATIONS
A 1 milliamp current is passed through the Pt + 10%Rh
leads of the two thermocouples and the specimen after thermal
The resulting voltage drop is

equilibrium is achieved.

measured between the Pt leads of the
is known as the Kelvin technique.

same thermocouples.

This

The resistance in ohms can

be calculated by dividing the voltage drop in volts by the
The temperature of the specimen can

applied current in amps.

be read from either of the two thermocouples.
measurement is completed,

After the

the electrical conductivity can be

calculated from the dimensions and resistance of the
at a given temperature.

specimen

The working equation for conductivity

is

a

where a

=

t/(AR)

( 16 )

is the electrical conductivity in Siemens/em,

the length of the specimen between the electrodes in

t

is
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centimete rs, A is the cross sectional (electrode d) area of
the specimen in cm 2 , and R is the specimen resistance in
ohms.

B.

SEEBECK COEFFICIEN T DETERMINA TIONS
After a desired temperatu re is reached,

a thermal

gradient is applied to the specimen bar. When the

specimen

reaches thermal equilibriu m (with respect to the temperatu re
different ial),

both hot and cold end temperatu res of the

are measured using the two thermocou ples.

bar

The correspon ding

Seebeck voltage is then measured using the Pt leads of the
same thermocou ples.

When the measureme nts are completed ,

gradient is then removed.

the

The Seebeck coefficie nt and average

temperatu re are then calculated using the following
equations :

Qs

V/6.T -

QPt

(17)

where
6.T

Th

-

T

(18)

c

and
T

In Equation 17,

avg

= \T

T ) /2.
c,
h +

( 19 )

Qs is the Seebeck coefficie nt of the

in microVolt s/Kelvin,

V is the Seebeck voltage,

temperatu re different ial in Kelvin,
coefficie nt of the Pt wire.

specimen

6.T is the

and QPt is the Seebeck

Values of QPt are found as a

15

function of tempera ture in Referenc e 11.
and T

c

In Equation 18, Th

are the hot and cold tempera tures of the specimen bar

respecti vely, and in Equation 19, T
specimen tempera ture.

avg is the average
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IV. APPARATUS DESCRIPTION

A.

SPECIMEN CHAMBER
The details of the Seebeck/conductivity apparatus are

presented in Figures 3 and 4.

Test specimens are contacted by

two temperature sensors (0.51 mm diameter Pt versus Pt +
10%Rh wires sheathed in 6.4 mm diameter Al 2 o 3 thermocouple
tubing)

inside a

12.7 mm diameter Al 2 o 3 tube.

This tube is

slotted at one end to allow specimens to be inserted into the
test fixture.

The combination of the sensors and

12.7 mm

diameter Al 2 o 3 tube compose the specimen chamber (Fieure 5).
The 6.4 mm diameter thermocouple tubes are notched at

the

ends (about 1.5 mm deep and 3.5 mm wide) in order to hold the
thermocouple beads stationary.

The specimen chamber is

mounted vertically to provide radial and isothermal heating
along the axial length of the specimen.
The two thermocouple beads which contact the specimen
(beads are about

3 mm in diameter) are ground flat

increase the area of the

to

junction between the specimen and

beads and to assist the two notched end Al 2 o 3 thermocouple
tubes in supporting the specimen within the chamber.
gives a

This

satisfactory electrical contact between the

thermocouples and specimen.

The flat

contact also reduces

the possibility of cracking the specimen since a spherical
bead can act as a point load when the specimen expands upon
heating.
A 0.51 mm diameter Pt wire coil heater was located
inside the specimen chamber on the lower Al 2 o3
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thermocouple /support tube to provide the required gradient.
Temperature gradients ranging from 10°C to 150°C can be
maintained by adjusting the current applied to the heater.
Gradients used in this study ranged from 25°C to 50°C.
The specimen chamber, Zro 2 oxygen sensor, gas tube,
sheathed thermocouple and Pt heater leads extend out of the
hot zone of the furnace. They are held in place by rubber ''o"
ring seal and clamp fixtures

(VaCoa "quick seal" connectors)

on a gas tight brass end cap through which the gas tube,
oxygen sensor, and lead wires are passed (see Figure 6). The
entire assembly is inserted into a 38.1 mm diameter closed
end muffle tube which is positioned vertically in a
resistance furnace.

MoSi 2

The combination of the inner assembly and

muffle tube will be referred to as the measuring cell (see
Figure 7). The furnace has a heating range of 25°C to 1200°C
and can accommodate up to three measuring cells. A water
cooled isothermal copper plate is placed between the top of
the furnace and the endcaps of the measuring cells
Figure 8).

(see

This minimizes spurious emf's and thermocurren ts

arising from the thermocouple leads above the furnace.

Small

rotary fans are also used for cooling the upper regions of
the furnace and measuring cells.

B. ATMOSPHERIC CONTROL
Atmospheric control is provided by flowing gas mixtures
of N2 ,

o 2 , co 2 ,

and H2 gas into the measuring cell via

the 6.4 mm diameter alumina gas tube mounted through the end
cap. The gas mixture exits through an exhaust tube located on
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the end cap. The rubber "0" rings also serve to keep the
specimen probe air tight. Oxygen activities are monitored by
a 9.6 mm diameter Zro 2 oxygen sensor. Using air as the
reference gas,

the relationship for oxygen activity is 31

EXP [ 46421

( V0 /Tk ) -

1.6094 ]

(20)

where P 0
is the oxygen activity in the measuring cell,
2
the voltage measured from the Zro 2 cell, and Tk is the

V

is

0

absolute temperature of the specimen. The range of oxygen
activities obtainable within the measuring cell are between
10- 18 and 1 atm.

C.

SPECIMEN PREPARATION
Specimens used in these experiments were either

rectangular parallelepipeds measuring 4 x 4 x 15 mm or right
cylinders measuring 6 mm in diameter and 10 mm long. These
dimensions may vary provided that the specimen has adequate
room in the specimen chamber. The maximum specimen length
possible for this apparatus is 5 em for either shape.

The

maximum width and diameter are 6 mm and 8.5 mm respectively.
Shorter specimen lengths are also possible.
specimens of less than 5mm in length,

However for

temperature gradients

in excess of 15°C are difficult to achieve.

Platinum

electroding paste is applied to the contact faces of the
specimen by either brushing or screen printing and heating to
600°c for one hour.

The specimen faces were abraded before

electroding to improve contact.
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D. DATA ACQUISITION UNIT
A schematic of the data

acquisition/co 0 t~ol
a~d

shown in Figure 9. Supplementary Figures 10
alternate views of the whole system. The

enti~e

controlled by a HP-85 graphic computer in

system is
l l show

4pparatus is

c 0 njun~tion

seo~o~

HP-3054 data logger. Thermocouple and oxygen

leads

di~ectly

are extended by copper wires and connected

HP-3054 data logger. The data logger contains a

with a

to the

~e~ies

of

relay cards. Each has its own specific function 4nd rs
purchased individually from the

Hewlett-Packa~d

~ompany.

The Appendix contains a description of the iAdivtdual relay
cards and their roles in this apparatus. The ft
heater leads are coupled to an exterior power

allows computer control of the furnace

so~r~e

through

a furnace

o4tp~ts

relays in the data logger. The data logger
thermocouple offset signal to the furnace

~radrent

CoOt~oller

temPer8t~~e.

Which
The data

logger I computer system can be set to pe~for~ etthe~
P0

tSoth~rmal

isobaric temperature dependence studies or

2

dependence studies of electrical conductivitY aoQ/or Seebeck
effects. Electrical conductivity, Seebeck
temperature,

P

02

, and furnace control

Coeffi~ient,

arranged to meet the criteria of the study·
electrical conductivity and Seebeck

~an

subroutine~

fo~

measure~e~ts

sample
be

tsobaric
as a

function of temperature (to be called the isovartc method),
the programming procedure followed by the

Co~pUt~~

is as

follows:
A chosen gas mixture is allowed to flOw

thr~~gh

the
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specimen chamber by manual adjustment of the Tylan gas flow
controller (this step is not necessary if the measurements
The furnace is controlled by

are to be performed in air).

the computer to follow a predeteroined step-wise temperature
heating or cooling cycle. This involves programming a waitine
period,

generally in the order of two hours between each

temperature, to allow both furnace and specimen to reach
thermal equilibrium. The computer then measures the
temperature of the specimen using software compensation . The
voltage read from the Zro 2 oxygen sensor is used to calculate
the P 02 using the method described earlier.

Electrical

conductivity measurements are made by first applyine a

1 ma

current through the specimen by the computer via the
datalogger. A waiting period of 5 seconds is instituted so
that a

steady state current is reached.

The computer then

triggers the data logger to make a series of 50 voltaee
measurements at a rate of 1 reading/sec (the current is
removed after this step). The first 20 measurements are
discarded and the remaining 30 are averaged. This average is
then used in calculating the electrical conductivity of the
specimen. The temperature,

P0

and electrical conductivity
2

measurements are repeated up to 5 times so that the
reproducibil ity, standard deviation,
of the data can be determined.

temperature change, etc.

On completion of these steps,

the Seebeck measurements begin. The computer then switches
current from the external power source to the Pt wire heater
to generate a

thermal gradient in the specimen. A waiting

period of 30 minutes is used in order to allow the specimen
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to attain thermal equilibrium with respect to the temperature
differential.

Hot and cold end temperatures of the specimen

bar are measured using software compensation and the P

02

of

the measuring cell is calculated. As in the electrical
conductivity measurement,

the computer then triggers the data

logger to make a series of 50 Seebeck voltage measurements.
The first

20 measurements are discarded and the remainin3 30

are averaged.

The Seebeck coefficient of the Pt leads is

calculated using the following equation

-1.648 + (-0.016) X T
avg'

(21)

where QPt is the Seebeck coefficient of the Pt leads in
microvolts/Kelvin and T
Kelvin.

avg

is the average temperature in

This equation was derived from the Seebeck

coefficient of Pt versus temperature table found in reference
11 using a least squares fit and is accurate within 1
microVolt/Kelvin in the 25°C to 1300°C temperature range.
When these steps are completed,
the specimen is calculated.

the Seebeck coefficient of

The Seebeck proceedure is also

repeated up to 5 times so that checks for data deviations can
be made. After the repeat measurements,

the computer switches

off the Pt heater power and sets a new temperature setting.
This entire procedure

(Seebeck and electrical conductivity)
0

can programmed to operate anywhere in the range of 25 C to
1200°C.

Individual sets of measurements can be incremented

at any temperature span within this range.

The number of

measurements taken at a given temperature, incrementation,

22

and measuring range is under the discretion of the
experimenter .
In the case of isothermal electrical conductivity and
Seebeck measurements as a function of oxygen partial pressure
(to be called the isothermal method),

the computer procedure

is as follows:
A chosen temperature is set by manually adjusting the
furnace controller. An adequate waiting period is set to
allow the specimen to reach thermal equilibrium. Once
equilibrium is established, a desired gas,

or gas mixture,

is

allowed to flow into the specimen cell by manual adjustment
of the flow controller. Another waiting period is used so
that chemical equilibrium between the specimen and gases
exists. The computer is programmed to take measurements when
one of the two function keys pertaining to either Seebeck or
electrical conductivity is pressed. At this point it is
advantageous to consider the electrical conductivity versus
P0

profile first.

In the Seebeck measurement,

the furnace

2

temperature must be lowered to half the value of the applied
~T

so the specimens'

T

avg

will be congruent with the specimen

temperature in the electrical conductivity measurement.

By

performing sequential electrical conductivity and Seebeck
measurements at a single P 0
used for thermal and P 0

, a long waiting period must be
2
equilibratio n. By performing Seebeck

2
and electrical conductivity versus P 0

measurements
2

separately, time will be saved and Pt heater and furnace
heating elements will see less deterioratio n due to thermal
cycling.

In this situation, electrical conductivity
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determinations are conducted in the same manner as the
isobaric measurements. A repeat measurement can be made each
time the electrical conductivity function key is pressed and
any desired number of measurements can be made. After the
experimenter is satisfied that the results are reliable,
another P 0
a

is set by adjusting the flow controller to yield
2
new gas mixture. The electrical conductivity measurement

and P 02 adjustment/equilibration process is repeated until the
P 0 range of interest is covered. After the electrical
2
conductivity/P 0 profile is completed, the Seebeck
2
coefficients can then be determined. The furnace temperature
is then lowered to half of the applied temperature
differential and the desired P 02 is set. When thermal and
atgospheric equilibration is achieved,

the Seebeck function

key is pressed and the measuring process begins

(this process

is the same as the isobaric process). After any repeat
measurements,

the next P 0

repeated until the P 02

is set and the procedure is
2
range of interest is completed.

Electrical conductivity/Seebeck coefficient versus

P~

profiles can be determined at any arbitrarily chosen
temperature by changing the furnace
the steps above.

temperature and repeating

Similar results can be obtained by using the

isobaric method and changing the P 0

after each electrical
2
conductivity/Seebeck coefficient versus temperature profile
is determined. This method works equally well,

however the

only drawback is that at each P 02 the electrical conductivity
and Seebeck versus temperature profiles must be performed
individually since the applied temperature differential in
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the Seebeck measurements will cause T

avg

to differ from the

specimen temperature in the electrical conductivity
measurements.

This results in a

loss of time since the

computer program must be changed between each profile.

The

isothermal method is easier, more direct and time saving.
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V.

EXPERIMENTAL UNCERTAINTIES

This section describes the potential error sources
involved in both Seebeck and electrical conductivity
measurements.

Details on how the design of the apparatus

compensates, reduces or eliminates these sources with an
assessment of the reliability of the measurements will also
be included.

A.

MoSi 2 RESISTANCE FURNACE
Due to the cylindrical design of the inner furnace and

circumferential placement of the MoSi 2 heating elements, a
cylindrical isothermal "hot zone" 6 inches in height and
diameter was found to exist when thermal equilibrium had
been established.

The hot zone is concentric with respect to

the dimensions of the inner furnace.

The zone dimensions

were determined by repeatedly measuring the temperature of
various positions within the furnace and was found to be
0

0

stable within 2 C between 25 C and 1200

0

c.

All three

specimen chambers were designed so that the specimens would
be positioned within the hot zone.

B.

THERMOCOUPLES
The Pt versus Pt + 10%Rh thermocouples used in this

apparatus were calibrated using ASTM Standard E-220,
B.

Method

By this method a thermocouples' emf outputs are compared

with those of a reference thermometer at the same
temperature. The reference thermometer used in the
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calibration was a Curtin He liquid-in glass thermometer for
ambient temperatures and a Type S (Pt versus Pt + 10%Rh)
thermocouple of 0.51 mm diameter wire for ambient to 1200°c
temperatures (the ASTM recommends this type as a reference
thermometer for temperatures from 630°C to 1200°C, however
they also state that its use may be extended down to room
temperatures ). All preliminary preparations of thermocouple s
for testing were observed. A 0.7 mm thick Al 2 o 3 substrate was
placed in each of the 3 measuring cells (between the two
thermocouple s)

to prevent any currents or voltages from

flowing from one thermocouple to another,

and to ensure that

each thermocouple bead was at the same temperature.

The

measuring cells were then loaded into the furnace with the
Type S thermocouple pairs from each cell connected to the
data logger digital voltmeter (DVM).

The thermocouple used to

measure cold end specimen temperatures in each cell was
chosen as a reference thermometer for calibrating its
counterpart hot end thermocouple . After thermal equilibrium
was reached,

emf differences were measured to 1 microvolt for
0

each cell at 200°C intervals from room temperature to 1200 C.
The chanee in emf at each interval for each cell was never
ereater than four microvolts which translated to a

~T

of

Average temperatures from each cell were then
compared.
respect

These temperatures never varied more than 1°C with

to each cell.

Measurements of T avg at room

temperature were also compared to readings from a Curtin Hg
thermometer and were found to agree within 0.2°C.

These

results are extremely important since any errors in the ~T
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measureQent will result in erroneous Seebeck coefficients.

C.

HP-3054 DATA LOGGER
The HP-3054 Data Logger is the combination of a

computer and a

HP-3497A Data Acquisition/Contro l Unit.

measurement unit contains a 5.5 digit digital
a

IIP-85

voltmeter with

de current source for ohms measurements as well as a

frame

for optional plug-in assemblies.

either a

counter,

The

5 slot

Each slot accepts

a low thermal multiplexer,

a

thermocouple

multiplexer,

a digital input card,

relay) card.

The HP-85 is a full function BASIC laneuaee

or a

digital output

scientific computer with data analysis capabilities,
CRT and printer,

and a

and program storage.

built-in tape cartridge for

(alarm

graphics

both data

For specifications regarding the

reliability of the data loggers'

DVM,

current

source and

optional plug-in asseQblies used in this apparatus consult
the Appendix.
reference

D.

For more details on the data logger consult

32.

CONDUCTIVITY MEASUREMENTS
The 4-wire de Kelvin technique shown in Figure

2 has

been developed to avoid a number of problems which might
encountered when using a

2-wire de method.

of this configuration is that
10%Rh)
(Pt)

one set

is used for applying the

be

The main advantage

of lead wires

(Pt +

lma current and another set

for measuring the voltage drop across

the specimen.

Since no current is allowed to flow in the volta3e
measurement leads,

the resistance of the leads is eliminated
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and will not influence the electrical conductivity
measurement.

Extraneous resistances of this type can cause

significant errors in electrical conductivity readings on
highly conductive semiconductors.

In the case of highly

resistive insulator materials, the possibility of conduction
across a

specimens'

surface can result in measured

resistances to be lower than the actual value. Since the
applied current will travel in the path of least resistance,
this source of error can be minimized by making the path
length of the specimens bulk shorter than the path length of
its surface.
specimens'

This can be achieved by decreasine the

length between electrodes,

increasing the cross

sectional area, and decreasing the electroded area with
respect to the specimens' cross sectional area.
The main disadvantage of this configuration resides in
the possibility of introducing high resistance barrier layers
on the contact area.
specimen contacts.

This appears as voltage drops across the

It is therefore important to choose an

electrode material and any preliminary treatments on the
specimen that will aid in creating contacts that are low
resistance compared to the sample.

In this study,

specimens

to be measured were first abraded on the contact surface with
fine SiC paper (325 grit).

The entire specimen was then

cleansed with an organic solvent

(acetone).

A film of Cladan

Pt/organic complex paste was applied to each contact surface
and heated to 600°C for one hour.

By abrading the contact

surfaces, small portions of electrode material can diffuse a
small distance into the interior of the specimen resulting in

29

good mechanical adherence and a reduction of barrier layer
effects. The good fit of the specimen between the two
thermocouple beads also aids in the neutralization of barrier
layers by minimizing any air naps within the electrode
material.

By

the specimen, surface conduction via

cleansin~

any surface debris such as oils or salts can be eliminated.
Platinum was chosen as an electroding material because of its
low reactivity to other materials, its ability to withstand
high temperatures, and its ability to form near ohmic
contacts with most oxides.
To assess the reliability of the electrical conductivity
measurement,

"blank tests" were performed. This involves

placing specimens of identical composition in each of the 3
specimen chambers and conducting repeat measurements at
various temperatures.

Standard deviations derived from the

results of individual and collective specimens were found to
be less than 2%. A standardized decade resistance box was
also connected to each of the specimen chambers. Deviations
between measured resistance and the resistance selected on
the box was also found to be less than 2%. Results for some
oxide ceramics compared to results cited in the literature
are discussed in the results and discussions section.

E.

SEEBECK MEASUREMENTS

Errors reported in this section coincide with those
8
reported on a similar apparatus by Garnier and Bates .
Therefore a similar treatment of uncertainties with respect
to Seebeck measurements will be given here.
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At this point i t is advantageous to differentiate the
errors associated with the Seebeck measurement into two
categories

indeterminant and determinant errors.

Indeterminant errors are due to variations in the assumed
boundary conditions of the system. The sources of these
variations can often be difficult to recognize,
and measure.

eliminate,

Determinant errors deal with the measurement of

quantities used in calculating the particular parameters of
interest. These errors can be assessed by the

inaccuracies

associated with the instruments used to measure and
these quantities.

Both types of errors with respect

reproduce
to the

Seebeck measurement in this study will be treated separately
below.

1.

Indeterminant Errors
The main problem associated in assessing the reliability

of a

Seebeck apparatus is that to date, no NBS reference

standards of absolute Seebeck coefficients exist.

One can

only compare their data with previously cited literature
values to see if any agreement exists

(this will be done in

the Results and Discussions section).

Success then depends on

the reliability of the results published in the literature.
Fortunately,

the Seebeck values of promising thermoelectric

materials are in the range of !100 to 1000 microvolts/K.
Thus,

a bias effect of 5 microvolts/K yields an uncertainty

in order of 5% or less.
Another potential source of error deals with bias
voltages resulting from the non-linearity of the applied
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temperature gradient.

This effect can be considered minimal

since the specimen is mounted vertically above a
that radiates radially about the specimen.

Pt heater

The use of

cylindrical specimens also aids in minimizing this

type of

error.
Errors due to thermal and electrical contact are
minimized by design.

To ensure that both bead and specimen

hot end are at the same temperature,

the Pt heater is

positioned next to the hot end thermocouple bead/specimen
junction.

The uniform pressure of contact by each

thermocouple bead to the specimen surface is maintained by
the

"o"

ring compression clamp fixture.

Cooling and heating

thermal expansion effects on the uniformity of
contact pressure are also eliminated by use

the

bead

of the clamp

fixture.

2.

Determinant Errors
Determinant errors with respect to the data logger and

thermocouples are listed in Table I

below.

These values were

obtained from the specifications provided by Hewlett-Packard
(see Appendix) and also by direct observation.
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Table I .

DETERMINANT ERRORS IN SEEBECK MEASUREMENT

Equivalency

Determinant Error

(~V)

1) Voltage gradient

2)

scanner S\V"itch

<1

digital voltmeter

+1

reproducibility

+1

Temperature gradient

+2

measurement

By using the method of Kline and McClintock 33 for
assessing the
total 3£

uncertainty of single sample measurements,

error can be estimated using the

the

second power

equation below:

3£

[r:n

ws

s

where

S

is a

variable.
interval
value

measured
AT.

3£

In

1

( 2 2)

]1/2

1

i=l

and W is

The

((as/aJ.)W.)2

the

function of n

independent variables,

J 1 ,J 2 .•• J

0 ,

uncertainty interval for each independent

The second power equation predicts
in the

result to within +10% of

of 3£ refers
points fall

to the

on the

uncertainty

the

the

uncertainty

correct

value.

in which 99.7% of

linear regression curve of AV vs

this case,

( 2 3)

s

33

3[

where 3e:dV

4.24lJV

3[

8.49 lJV.

By substitutine these values into Equation 8,

the working

equation now becomes:

3e:

( 2 4)

s

Using values for dT and dV obtained directly from the DVM
yields a

3£

s

value for the Seebeck measurement of +6.2%.

It should be noted that the Seebeck measurements were
performed when T

avg

had a drift of less than 2K/minute.

Repeated measurements yielded standard deviations of <2%.
Blank tests were also performed in the same manner as the
electrical conductivity tests.

Standard deviations for both

individual and collective specimens were found to be <3%.
Results for some oxide ceramics compared to literature cited
values can be found

in the next section.
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VI.

RESULTS AND DISCUSSION

In order to confirm the capabilities of the
Seebeck/electrical conductivity apparatus

(SCA),

Q and a

measurements as a function of temperature and oxyeen activity
were performed on several oxides.
LaFe0 3 ,

LaMno 3 ,

Candidate materials such as

LaCro 3 , and SrTi0 3 were chosen since similar

measurements on these materials have been published
elsewhere.

This allows comparative analyses between values

cited in the

A.

literature and

the

those obtained from

SCA.

LaMn0 3 : HEATING/COOLING CYCLE CHECK
Direct current
in air over a

~easurements

were made for

Sr doped
0

0

temperature range from 400 C to 1100 C.

Three specimens of different doping concentrations were
loaded into the SCA's measuring cells with the computer first
(400 to 1100°C with measurements

programmed in a heatine mode
taken at 50°C intervals).

After 1100°C had been reached

the

computer was then programmed to cool and take measurements
50°c increments starting at

1075°C.

to see

if any hysteresis existed.

versus

1/T plot of these data.

that
well.

The data was then plotted

From this plot it

the heating/cooling curves in all
This suggests that

in

can be

three cases agree

seen
v1·ry

the SCA can also yield reproducib1e

results when i t is programmed in either heatine/cooling mode.
Other measurements of Q and a

on LaMno 3 for various amounts

of Sr and Mg dopants can be found in the

PhD dissertation by
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Kuo.

B.
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LaFe0 3 l_R 0

DEPENDENCE
2

Seebeck coefficient measurements were made for undoped
0

LaFe0 3 at 1000 C over a P 0

range of 1 to 10

-18

atm.

Figure

2

13 shows the Log 10 P 02 dependence of the Seebeck coefficient
for values obtained from Misuzaki's 10 work and from the SCA.
Both curves show good agreement with each other especially in
locating the n to p transition _(Q=O).

It should be noted

that Misuzaki's Seebeck measurement differed only in that he
used a

furnace with a

temperature gradient to generate a

temperature differential.

His P 0 measuring method
2

15°C

(Zro 2 cell)

was comparable with the exception that Ar/0 2 and CO/C0 2 gas
mixtures were employed to control the P 0

C.

.
2

LaCro 3
Both Seebeck and electrical conductivity measurements

were performed in air for undoped and Mg doped LaCro 3 from
room temperature to 1100°C.

Three specimens

(undoped,

2m% Mg,

and 5m% Mg doped LaCr0 3 ) were loaded into the SCA with Q and
a

measurements made at 50°C increments.

provided by Dr.

Specimens were

H.U. Anderson and were fabricated using the

.
liquid mix tee h n1que
propose d by· p ec h.1n1. 31 .

Figure

14 is a

plot of Log 10 o versus 1/T of the undoped specimen compared to
35
. 24
values published by Webb
and by Kar1m
• It can be seen
that the activation energies for all of the curves are nearly
identical. Webb's curve is close to the results from this
study while Karim's data is a factor five greater.

Hath Karim
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and Webb used a

four probe de method for their electrica l

conductiv ity measureme nts.

Figure 1 5 is a

Log 10 cr versus

1/T

plot of the three LaCro 3 specimens . Results from a study by
31
for the 2 and 5m% Mg doping at 1200°C are also
Flanderme yer
shown here.

the two points fall on the curves

As can be seen,

obtained from the SCA.

Flanderme yer used a

method for his measureme nts.

four probe ac

Figure 16 is a plot of

the

Seebeck coefficie nt versus 1/T for the three specimens .
Karim's curve for undoped LaCro 3 is also included.

Even

though Karim used a completely different measuring technique ,
his result showed cood agreement with those

obtained from

tlte

SCA.

D.

SrTi0 3
Electrica l conductiv ity measureme nts were made
8, and 12m% La doped SrTio 3 from

750°C to

Figure 17 compares values obtained from the

SCA with

for undoped,
1150°C.

2,

4,

those obtained by Balachand ran 36 for undoped SrTio 3 .
curves tend to show similar magnitude s and agree al
However,

in air

the activation energies differ by nearly a

The
1050°C.
factor

two.

Balachand ran's measureme nts were also performed in a

four

probe de configura tion.

Figure

of

18 shows Log conductiv ity

plots of the various La doped SrTi0 3 specimens combined with
Flanderme yer's results for
1200°c.

the 2,

4,

and 8m% La additions at

It can be seen that the points fall

with the curves obtained from the SCA.

in good alignment

Flanderme yer used a

four probe ac technique for this data also.
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VII.

CONCL USION

uctiv ity
The comp uter contr olled Seeb eck/e lectri cal cond
is found to be a

appar atus devel oped at U.M.R .

usefu l and

uctiv ity and
relia ble tool for measu ring de elect rical cond
tors as a
Seebe ck coeff icien ts of low resis tance semic onduc
funct ion of temp eratu re and oxyge n activ ity.
takin g these measu remen ts was
autom ation proce ss.

~reatly

The ease of

impro ved by the

The desig n consi derat ions of the furna ce,

Q and o
measu ring cells , and datal ogge r inter face allow

to be

Profi les of up to
plott ed versu s P 0 and/o r temp eratu re.
2
be made accur ately and rapid ly witll
may
ens
specim
three
minim al deter iorat ion to the overa ll syste m.
from

Data obtai ned

value s
the SCA showe d good agree ment when compa red to

cited in liter ature .

The 3£

unce rtaint y of the

coeff icien t was found to be 6.2%.

Seebe ck

Repea t measu remen ts of

tions of less
elect rical cond uctiv ity showe d stand ard devia
than 2%.
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APPENDIX
DESCRIPTIO N OF HP-3054 DATA LOGGER RELAY CARDS

A.

Introduct ion
This section describes the various types of relay cards

contained in the HP-3054 data logger.
in the

function each card has

It also explains the

the operation of the apparattls

and the retrieval of data.

1) 20 Channel Guarded Input Relay Multiplex er

(Option 010)

This assembly is used to switch (multiplex )
signals from up to 20 channels to the HP-3479A' s built in
digital voltmeter

(DVM).

measure Seebeck and P 02

The main use of this assembly is to
cell (Zro 2 ) voltages,

voltage drop resulting from four-wire
measureme nts.

as well as the

resistance

It can read up to 20 separate voltages as small

as one microvolt and has a maximum input voltage range of not
greater than +170 Volts.

2)

19 Channel Guarded Relay Multiplex er Assembly with

Thermocou ple Compensat ion (Option 020)
This card uses the same relay multiplex er as the Option
010 assembly,

but adds a special isotherma l connector block

(thermoco uple reference

junction) on the device to eliminate

unwanted measureme nt errors when measuring thermocou ple
voltages.
5°C.

The reference

junction accuracy is 0.1°C at 23°C +

Software compensat ion is used to measure the outputs of

up to 19 J,

K,

E,

R,

S,

or T type thermocou ples or any

45

mixtur e of these types.

This interfa ce is used for obtain ing

sample temper atures for

Seebeck and resista nce measur ements .

3)

Built in de Curren t Source
This source ,

which is built direct ly into the HP-347 9A,

can output only one of three values of curren t at

a

time

(10

& 100 microAm ps and 1 milliAm p with accura cies of 2.5 nA,
25.0 nA and 250 nA respec tively) .

The main use for

this

source is to supply curren t to the specime n in the four-w ire
resista nce measur ement.
from this source .

There is only one output access ible

The ability to switch curren t to differe nt

specim ens relies on the next

4)

relay card to be describ ed.

16 Channe l Dicita l Output Actuat or Relay Card

(Option 110)

This assemb ly consis ts of 16 mercur y-wette d form C
relays .

(single -pole double -throw )
closed to switch power to
device s,
(peak) .

Each channe l relay can be

(actua te) multip le extern al

and can safely switch up to one Amp at
This assemb ly finds

100 Volts

use in switch ing curren ts to as

many as three specim ens and is also used for switch ing the
Seebeck power source s on and off.

These power sources arc

separa te from the HP-349 7-A and are used to achieve
temper ature gradie nts across specim ens for
measur ements .

Seebeck

46

5)

Dual Output,

0 to+10 Volt Voltage D/A Converter

(Optio~

120)
The Option 120 assembly consists of two 0 to +10 Volt
programmable voltage sources
outputs a

(two channels).

Each channPl

de voltage with programmable ranee from -10.2375

Volts to +10.2375 Volts in increments of 2.5 milliVolts.

The

only use for thts assembly in this study is for controlling
the MoSi 2

furna~e.
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Figure 1:

Simplified energy-level diagram of a
semiconducto r (n-type).

4H

Side View
I

I

, , Actu al loca 'tion of Thennocouple on Specimen
Tl

~

I: App lied Between Pt/lO~Rh TC legs
Tavg~ [ Tl - T2 ] I 2

I

li. T

= Tl

- T2

Vs and Vd: Measured Between Pt TC legs
Seebeck
Coe ffici ent

= [

Vs I li.T J - Opt

Opt= Seebeck Coe ffici ent of Pt

T2

,.
I

'•
'
I

FIGU RE 2:

Resi stan ce = Vd I I
wher e:

I = Curr ent
Vs= Seebeck Volt age
Vd= Volt age Drop
Between Elec trod es

mea sure men t of
Exp erim enta l tech niqu e for dire ct
coe ffjc ient .
eck
Seeb
and
elec tric al con duc tivi ty
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I I:
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t •

OXYGEN SENSOR
(9.6 mm Diam eter)
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Al 2o.1 MUFFLE TUBE
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•

I
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Al 2 o3 SPECIHE!'\ CIIAMHFI~

(12.7 mm Djam eter)

Al 2 o3 GAS TUBE

(6.4 mm Diam eter)

~GAS FLOW

FIGUR E 3:

Inte rior view of Seeb eck I
appa ratus .

cond uctiv ity
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TJIER~10C.OllPU:

LEADS

Pt HEATER LEAI>S

~
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:I •.
:I I:

AJ 20 3 SPECINE!\ CHA~lBEJ\

; I I :

( 12.7 mn. Diamet ~~-)

:,•·
:, .:
:,
. .

Al 203 SHEATHING
(3.2 mm Diameter

;I

:I

•

Al 2o3 SUPPORT ROil
(&.4 mm Diameter)

Al ?O'J THERMOCOUPLE
- ·'

SHEATHit\G

(3.2 mm Diameter)

Pt WIRE

FIGURE 4:

HEATER

Exploded view of specimen chamber and
components.
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FIGURE 5:

SPECIMEN CHAMBER

(exploded view).

1) 6.4 mm diameter Al 2 o 3 gas tube.
2) 12.7 mm diameter Al o 3 specimen chamber containing 6.4
mm diameter "notche~ end" Al 2 o 3 thermocouple s~pport
tubes (beads visible), specimen, and Pt wire heater.
3) 9.6 mm diameter Zro 2 oxygen sensor.
4) Zircar Al 2 o 3 tube support.
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FIGURE 6:

SPECIMEN CHAMBER

(total view).

1) Brass endcap with "o" ring gasket and clamp fixtures.
2) Zro 2 oxygen sensor, th er mocoupl e , and Pt h e at e r

lea ds.

3) Zro 2 oxygen sensor, gas tube, specimen chamber, and
Zircar Al 2 o 3 tube supports.
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FIGU RE 7:

MEASURING CELL

(tot al view ).

and clam p fixt ure s.
1) Bras s endc ap with "0" ring gask et
and Pt hea ter lead s.
2) zro 2 oxyg en sens or, ther moc oup le,
muf fle tube .
3) 38.1 mm diam eter Al 2 o 3 clos ed end
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FIGUR E 8:

MoSi 2 FURNACE LOADED WITH 3 MEASURING CELL S.
(top view )

1) H2 o coole d isoth erma l plate .
2) Top view of bras s end cap.
3) Powe r line coup led to Pt heat er lead s.
ouple and
4) Copp er exten sion wire s coup led to th e rmoc
oxyg en sens or lead s.
5) Gas intak e.
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FIGUR E 10:

SEEBECK I CONDUCTIVITY APPARATUS.

disk
1) HP 3054 data logge r I HP 85 comp uter I HP 9122
drive comb inatio n.
2) MoSi 2 furna ce loade d with 3 measu ring cells .
3) Furna ce contr oller .
4) Tylan gas flow contr oller .
5) Bottl ed gas suppl y (N 2 , o 2 , co 2 , and formin & gas).
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FIGU RE 11:

SEEB ECK I CON DUC TIVIT Y APPA RATU S.
(alt ern ate view )

1) HP 3054 data logg er I
driv e com bina tion .

HP 85 com pute r I

HP 9122 disk

ng cell s.
2) MoS i 2 furn ace load ed with 3 mea suri
3) Furn ace con trol ler.
4) Tyla n gas flow con trol ler.
5) Pt wire hea ter pow er supp ly.
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